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Transient receptor potential (TRP) channels are found among mammals, ﬂies, worms, ciliates, Chla-
mydomonas, and yeast but are absent in plants. These channels are believed to be tetramers of pro-
teins containing six transmembrane domains (TMs). Their primary structures are diverse with
sequence similarities only in some short amino acid sequence motifs mainly within sequences cov-
ering TM5, TM6, and adjacent domains. In the yeast genome, there is one gene encoding a TRP-like
sequence. This protein forms an ion channel in the vacuolar membrane and is therefore called Yvc1
for yeast vacuolar conductance 1. In the following we summarize its prominent features.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Transient receptor potential (TRP) channels comprise a super-
family of selective and non-selective cation-permeable ion chan-
nels. The founding member of this superfamily was identiﬁed in
almost blind Drosophila, which showed a transient rather than a
sustained response to light [1–3]. The term TRP was accordingly
assigned to the gene locus carrying the underlying mutation. The
encoded six-transmembrane domain (TM) protein was then shown
to form a cation channel, which is permeable to Ca2+ ions [4,5]. In
recent years, more than 100 related genes and channel proteins
have been identiﬁed in various vertebrates, ﬂies, and worms (for
review see Ref. [6]). Based on sequence similarities, the TRP family
is divided into seven main subfamilies: The TRPCs (canonical) clos-
est related to the Drosophila TRP, the TRPVs (vanilloid), the TRPMs
(melastatin), the TRPNs (Drosophila NOMPCs, no mechanopotential
C), the TRPAs (ankyrin), the TRPML (mucolipin), and the TRPPs
(polycystin). All TRP members have six predicted TMs with cyto-
solic N- and C-termini and a pore region located between TM5chemical Societies. Published by E
e-2,2-disulfonic acid; DTT,
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), gabriel.schlenstedt@uks.eu
dreas.beck@uks.eu (A. Beck).and TM6. A number of TRPs comprise single or multiple calmodu-
lin binding sites [7]. Several families contain a variable number of
ankyrin repeats at their N-terminus, which are suggested to partic-
ipate in protein–protein interactions and serve as multiple ligands
binding sites [8–10]. Another N-terminal motif in some TRP fami-
lies is the coiled-coil domain, which is supposed to be involved in
TRP channel assembly [11–13]. The C-terminal region varies
among the TRP families. Individual families may share motifs, such
as the TRP domain. TRP channels are believed to be homomeric tet-
ramers. Closely related TRPs within a subfamily may also hetero-
multimerize, at least in vitro [14–16].
TRP proteins are predominantly located in the plasma mem-
brane of both neuronal and non-neuronal cells, where most of
them were shown to be key transducers of diverse sensory signals
such as pain, heat, cold, taste, olfaction, and osmolarity. They
mainly mediate their effects by controlling the concentrations of
free intracellular calcium, which acts as a second messenger inside
the cell. Two members of the TRPM subfamily, TRPM1 and TRPM2,
and one member of the TRPV subfamily, TRPV1, were shown to be
also located in intracellular compartments serving as Ca2+ release
channels [17–19], whereas TRPML1 is an endolysosomal iron re-
lease channel [20]. Another TRP localized to an intracellular com-
partment was found in the vacuolar membrane of the budding
yeast. It is the only member of the TRP superfamily expressed in
Saccharomyces cerevisiae. It cannot be clearly assigned to any of
the established TRP subfamilies but seems to be more related to
TRPML animal channels [21]. The yeast TRP protein was ﬁrstlsevier B.V. All rights reserved.
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vacuolar membrane had already been described much earlier
[23]. This yeast vacuolar cation channel termed yeast vacuolar con-
ductance 1 (Yvc1, also named TRPY1) has been characterized since.
Here, we summarize some of its most prominent features. Yvc1 has
also been part of a recent review on ionchannels in microbes [24].
2. Expression and localization of Yvc1
The 675 amino acid residues protein Yvc1 is a low copy protein
in S. cerevisiae present with 1.300 molecules/cell in log phase
cells [25] but readily detectable as a 78 kDa protein by a mono-
clonal antibody we generated against its C-terminal sequence cov-
ering amino acid residues 577–675 (Fig. 1A). The protein is absent
in the corresponding strain deﬁcient for YVC1 (Dyvc1) ([22] and
Fig. 1A), which so far shows no discernable growth phenotype in
various cultures or under diverse stresses. In contrast, cells over-
expressing YVC1were extremely sensitive to the presence of CaCl2,
but not of MgCl2, NaCl, or KCl in the medium [26]. When endoge-
nous Yvc1 was replaced by HA-tagged Yvc1, the tagged protein
was detected in subcellular fractions which contained alkaline
phosphatase 1, a vacuolar marker, rather than vacuolar protein
sorting-associated protein 10 or dolichol phosphate mannose syn-Fig. 1. Expression, intracellular localization, and basic structural features of Yvc1.
(A) Immunoblot analysis using a monoclonal antibody against the C-terminus of
Yvc1 and protein lysates from wild type and Dyvc1 (YVC1 knockout) yeast strains.
Yvc1 migrates as a 78 kDa protein, which corresponds to the calculated relative
molecular mass of 77 953. (B) Intracellular localization of Yvc1. Wild type W303
cells were transformed with the multicopy plasmid pRS426-YVC1-GFP encoding a
Yvc1-GFP fusion protein or with an empty vector. The cells were cultured in liquid
media and spheroplasts were prepared to obtain more distinguishable vacuolar
structures. The spheroplasts were further incubated at 30 C for 2 days until their
vacuoles enlarged and then analyzed by GFP ﬂuorescence and phase contrast
microscopy. (C) Transmembrane topology of Yvc1 based on hydropathy plots. The
N- and C-termini are predicted to reside in the cytosol, whereas the six
transmembrane domains are embedded in the vacuolar membrane. The numbers
indicate amino acid residues of the primary sequence. Single mutations leading to a
gain-of-function phenotype are shown as red asterisks (F274L, S297W, F380L,
Y458H, Y472H, and Y473C). The negatively charged cluster 573DDDD576 as well as
the hydrophobic patch between residues 509 and 518 are also indicated (see text
for details).thase 1, apparent Golgi and endoplasmic reticulum markers,
respectively [22]. In vivo, Yvc1 localizes to the vacuolar membrane,
which is shown by C-terminal green ﬂuorescent protein (GFP) fu-
sions ([26] and Fig. 1B).
The Yvc1 protein comprises a hydrophobic core containing six
predicted TMs covering one third of the protein, ﬂanked by pre-
sumptive cytoplasmic domains at the N- and C-termini (Fig. 1C).
The short amino acid sequence motif 448VILLNILIALY458 within
TM6 is conserved in the corresponding TM6 of most mammalian
TRPs. Within its C-terminus, Yvc1 contains a cluster of four acidic
residues (573DDDD576), which may be important for Ca2+-depen-
dent regulation of channel activity and it has been assumed that
they are involved in Ca2+ binding similar to the Ca2+-binding bowl
in Big K+ Ca2+-activated channels [27].3. Characterization and function
Yvc1 was ﬁrst found by electrophysiological studies of isolated
S. cerevisiae vacuolar membrane vesicles incorporated into artiﬁcial
planar bilayer membranes [23]. Wada and co-workers described a
cation current with a major single channel conductance (435 pS in
300 mM KCl) regulated by the membrane potential and dependent
on cytoplasmic Ca2+ [23,28]. They suggested two gating systems
for the incorporated channels. Gate one responds relatively fast
to voltage jumps, open probability decreases as the potential be-
comes more positive and increases by the stilbene derivative 4,4-
diisothiocyanato-stilbene-2,2-disulfonic acid (DIDS) on the cyto-
plasmic side. Gate two responds relatively slowly to voltage jumps,
open probability increases as the potential becomes more positive,
Ca2+ is required at the cytoplasmic side and its presence shifts volt-
age dependence to negative direction. Further characterization re-
vealed that Ba2+ and more than 6 mM Ca2+ on the cytoplasmic side
closed the channel without affecting the single channel conduc-
tance [29]. Bertl and Slayman were the ﬁrst to examine the vacuo-
lar membrane of yeast directly by patch clamp techniques [30]. For
these purposes the yeast cell wall has to be removed by enzyme
digestion and its plasma membrane by osmotic manipulation.
The exposed vacuole can then directly be examined with a patch
clamp pipette. Similar to the experiments using artiﬁcial bilayers
(see above), Bertl and co-workers measured an inwardly rectifying
conductance of 120–150 pS for symmetric 100 mM KCl solutions,
with little selectivity between K+ and Na+ but strong selectivity
for cations over anions. According to Bertl et al., negative or inward
currents across endomembranes represent a cation ﬂow into the
cytosol from the organellar lumen [31]. Channel gating of Yvc1 is
voltage-dependent and its open probability strongly depends on
the cytosolic Ca2+ concentration. In addition, Bertl and co-workers
found that increasing the pH or adding reducing agents such as re-
duced glutathione, dithiothreitol (DTT), or b-mercaptoethanol to
the cytosolic side lowers the rather un-physiological high Ca2+ con-
centrations required for channel activation and increases the chan-
nel’s open probability [30,32]. It was demonstrated later that the
TRP protein Yvc1 is necessary for the yeast vacuolar conductance
[22]. Whole-vacuolar and single channel currents of wild type cells
and of Dyvc1 (YVC1 null) cells are shown in Fig. 2. Yeast vacuoles
were prepared as described [30,33]. Whole-vacuolar patch clamp
experiments were performed at 21–25 C using patch pipettes
pulled from glass capillaries (inner diameter 1.5 mm, Kimble prod-
ucts) with a vertical puller (Narishige PC-10), having resistances
between 2 and 4 MX. Current recordings were acquired and ana-
lyzed using the EPC-10 and the software PatchMaster (HEKA). Both
bath (cytoplasmic) and patch pipette (vacuolar) solutions con-
tained 150 mM KCl, 5 mM MgCl2, 5 mM HEPES, and 2 mM DTT.
Fig. 2A shows average whole-vacuolar currents in wild type (wt)
and Dyvc1 yeast extracted at 80 and +80 mV from 200 ms ramps
Fig. 2. Characterisation of the Yvc1 current. (A) Averaged whole-vacuolar currents plotted versus time in wild type (wt) and Dyvc1 yeast vacuoles, extracted from 200 ms
ramps (every 2 s) spanning 150 to +150 mV, Vh = 0 mV, at 80 and +80 mV, respectively. Both bath (cytoplasmic) and pipette (vacuolar) solution contained 150 mM KCl,
5 mM MgCl2, 5 mM HEPES, and 2 mM DTT. The bar indicates application of 1 mM Ca2+ to the cytoplasmic side. According to Bertl et al., negative voltage refers to the
cytoplasmic side and positive charges moving from vacuolar to cytoplasmic side are assigned as inward currents [31]. (B) Average current–voltage relationships (IVs) of
whole-vacuolar currents in wt and Dyvc1 vacuoles. (C and D) Single channel openings from whole-vacuolar experiments at voltage steps from 100 to +100 mV (20 mV
increment, 2 s duration, Vh = 0 mV) in wt (C) and Dyvc1 (D) vacuoles right after and during application of 1 mM Ca2+, respectively. (E) Single channel IV extracted from step
protocols as shown in C in wt vacuoles.
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time. Holding potential (Vh) between the voltage ramps was
0 mV. While the vacuole displayed virtually no current in the ab-
sence of cytoplasmic (bath) Ca2+, the application of 1 mM Ca2+ to
the cytoplasmic side via a wide-tipped application pipette resulted
in a current in wild type (ﬁlled circles), but not in Dyvc1 vacuoles
(open circles). According to Bertl et al., negative voltage refers to
the cytoplasmic side and positive charges moving from vacuolar
to cytoplasmic side are assigned as inward currents [31]. The aver-
age current–voltage relationships (IVs; displayed from 100 to
+100 mV) of whole-vacuolar currents in wild type and Dyvc1 vac-
uoles in the presence and absence of 1 mM cytoplasmic Ca2+ are
shown in Fig. 2B. During washout of cytoplasmic Ca2+ the whole-
vacuolar current amplitudes decreased again and single channel
openings could be detected. To measure Yvc1 single channel cur-rent amplitudes, we applied voltage steps from 100 to +100 mV
with 20 mV increments and duration of 2 s (Vh = 0 mV) right after
the application of 1 mM Ca2+. Fig. 2C shows single channel open-
ings at different voltages in wt vacuoles. The dotted lines represent
the baseline where no single channels are open. Extracting the sin-
gle channel current amplitudes at the different voltages resulted in
a single channel IV as displayed in Fig. 2E. Single channel conduc-
tance, calculated from the current amplitude at 80 mV, revealed
about 293 pS. In Dyvc1 vacuoles, no single channel openings could
be detected even during the application of 1 mM cytoplasmic Ca2+
(Fig. 2D).
Yvc1 currents are not only regulated by Ca2+ and reducing
agents but they are also mechanosensitive. Applied pressure,
stretch force, or raising the bath osmolarity directly activates the
channel under patch clamp conditions [34]. The mechanical activa-
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of micromolar Ca2+ greatly enhance the force-induced activity [27].
Su and co-workers suggested a structure–function model in which
Ca2+ binding to the cytoplasmic domain and stretching the mem-
brane-embedded domain both generate gating force, reaching the
gate in parallel. In yeast cells expressing the cytosolic luminescent
Ca2+ reporter aequorin, a hypertonic shock (0.8 M NaCl, 0.7 M KCl,
or 0.7–0.8 M sorbitol) induces a transient increase in cytosolic Ca2+
[26,35,36]. Denis et al. showed that this Ca2+ transient depends on
the presence of one of two transporters, vacuolar Ca2+/H+ exchan-
ger (Vcx1), or the vacuolar Ca2+-ATPase (Pmc1), which both
sequester Ca2+ into the vacuole, and on Yvc1. The Dyvc1 strain dis-
played no signiﬁcant increase in Ca2+ after hypertonic treatment
and together these results are taken as compelling evidence that
the Ca2+ ﬂux comes from the vacuole and that Yvc1 is required
for this release. This hypershock-induced Ca2+ release into the
cytosol might initiate a downstream osmotic defence. Inositol
1,4,5-triphosphate (InsP3), but not myo-inositol or inositol 1,4-bis-
phosphate, concentration-dependently (EC50  0.4 lM) induces a
release of Ca2+ from vacuolar membrane vesicles, although so far,
no InsP3 receptors have been identiﬁed in yeast [37–39] indicating
that Yvc1 may act as a Ca2+-activated Ca2+ release channel.
Indeed, the yeast vacuole is not only involved in cytosolic ion
and pH homeostasis but is also the main storage site for calcium
and other divalent cations. In particular the vacuole acts as a Ca2+
buffering system, maintaining low cytosolic Ca2+ concentrations.
The vacuolar accumulation of Ca2+ is performed by the two already
mentioned transporters, Vcx1, a Ca2+/H+ exchanger [40] and the
Ca2+-ATPase Pmc1 [41]. Considering the vacuolar Ca2+ concentra-
tion [Ca2+]vac to be 1.3 mM and the cytosolic Ca2+ concentration
[Ca2+]cyt to be in the range of 300 nM [42], opening of a vacuolar
cation channel will allow Ca2+ ﬂuxes down a concentration gradient
of >103 into the cytosol. Based on shifts in the reversal potential at
different cytosolic Ca2+ and K+ concentrations, Bertl et al. already in
1992 calculated the channel’s permeability ratio, PCa/PK, to be
approximately 5 [32]. It was later demonstrated that Yvc1 can pass
a cation current between the pipette and the bath when Ca2+ is the
sole cation on both sides [22]. This suggests an appreciable Ca2+
permeability of Yvc1. However, based on measurements of the vac-
uolar Ca2+ transport rate, the free energy available to drive vacuolar
Ca2+ transport, the ability of the vacuole to buffer luminal Ca2+ and
the vacuolar Ca2+ efﬂux rate, Dunn et al. suggested a vacuolar free
Ca2+ concentration of only 30 lM, assuming 125 nM free cytosolic
Ca2+ [43]. The total vacuolar Ca2+ concentration was suggested to
be 2 mM due to Ca2+ binding to vacuolar polyphosphates. Yvc1
might also release other cations from the vacuole such as Na+ and
K+ that would provide osmolytes to the cytoplasm and thus a tem-
porary relief from dehydration during hypertonic shock.
The TRP channel in S. cerevesiae (Yvc1 = TRPY1) has orthologs in
other fungal genomes including TRPY2 of Kluyveromyces lactis and
TRPY3 of Candida albicans. Heterologously expressed in vacuoles of
S. cerevisiae deﬁcient for YVC1, TRPY2 and TRPY3 revealed similar
single channel conductance, voltage-dependence, Ca2+ sensitivity,
and mechanosensitivity in patch clamp experiments, and Ca2+
transients reported by transgenic aequorin, as Yvc1 [44].4. Pharmacology and gain-of-function (GOF) phenotypes
Not much is known about the pharmacology of the yeast vacu-
olar conductance. Experiments on Yvc1 in planar bilayer mem-
branes revealed that the open probability at positive voltages
increases by the stilbene derivative DIDS on the cytoplasmic side
[28]. Tanufuji et al. suggested that at positive voltages, DIDS locks
the channel in the open state but has no effects at negative volt-
ages. Bertl et al. suggested a regulatory effect of calmodulin, butno original data was presented [32,33]. However, using a calmod-
ulin mutant it was shown that calmodulin is not necessary for the
Ca2+-dependent activation of Yvc1 [27]. Su et al. also found that
calcineurin, another common Ca2+-binding protein mediating
Ca2+-dependent effects in many cell types, is not necessary as well.
A recent study found indole and other aromatic compounds to acti-
vate Yvc1 under patch clamp independently of Ca2+ [45]. The
authors speculate that these compounds likely affect the proper-
ties of the entire lipid bilayer and thus inﬂuence Yvc1 channel
gating.
To better understand the gating properties of the Yvc1 channel,
several screens were performed as well as deletions and insertions
were introduced. The experimentally generated mutations that re-
sult in a signiﬁcant Ca2+ luminescence GOF phenotype are F274L,
S297W, F380L, Y458H, Y472H, and Y473C, which cluster in the
TMs. The Y458H substitution at the C-terminus of the predicted
sixth TM is a GOF mutation and the Yvc1Y458H channel shows
the greatest gate destabilization [46]. All other mutants show the
same GOF phenotype as well as altered gating kinetics [47]. The
570–600D Yvc1 deletion was identiﬁed as insensitive to both
Ca2+ and stretch force but can be rescued by indole [45]. Further
investigation of the same region indicated that the 570–600D dele-
tion can be narrowed down to residues 570–580D, where the neg-
ative charge cluster 573DDDD576 is present (Fig. 1C), which is
indeed required for Yvc1 Ca2+ activation [27]. Recent studies show
that the two hydrophobic patches (HP1 and HP2) at the Yvc1 C-ter-
minus are involved in the transmission path of the Ca2+ gating
force, since insertions between the two patches (residues 509–
518, Fig. 1C) selectively retard the Yvc1 Ca2+ activation [27].
5. Conclusion
In summary, Yvc1 is an intracellular Ca2+- and mechanosensi-
tive TRP cation channel in the yeast vacuolar membrane. Although
a deletion of YVC1 resulted in no discernable growth phenotype in
various cultures or under various stresses and is therefore anno-
tated as being ‘‘non-essential”, this only means that it is not re-
quired for growth in the coddled conditions of the laboratory. A
similar situation exists for many other proteins such as bacterial
ion channels like KcsA, KvAP, MthK, and KirBac. Although they
have been instrumental to elucidate ion channel structures, which
then are being used to model mammalian ion channel sequences,
their physiological functions are still unknown. However, the yeast
TRP homolog activated by hypertonic shock in vivo and by mem-
brane stretch force under patch clamp is a true mechanosensitive
ion channel. Its large single channel conductance and the conve-
nience of yeast for genetic and molecular manipulation are making
it a useful model system for studying and understanding the
mechanosensitivity of TRP channels in general.
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